






















M easurem ent ofthe e+ e  ! W + W  




From a totaldata sam ple of 701.1 pb 1 recorded with e+ e  centre-of-m ass energies of
p
s = 161  209 GeV with the OPAL detector at LEP,11693 W -pair candidate events are
selected.Thesedata areused to obtain m easurem entsoftheW -pairproduction crosssections
at10dierentcentre-of-m assenergies.Theratioofthem easured crosssectionstotheStandard
M odelexpectation isfound to be:
data=SM = 1:002 0:011(stat:) 0:007(syst:) 0:005(theory);
wheretheuncertaintiesarestatistical,experim entalsystem aticsand theory system aticsrespec-
tively. The data are used to determ ine the W boson branching fractions,which are found to
beconsistentwith lepton universality ofthecharged currentinteraction.Assum ing lepton uni-
versality,thebranching ratioto hadronsisdeterm ined tobe67:41 0:37(stat:) 0:23(syst:)% ,
from which theCKM m atrixelem entjVcsjisdeterm ined tobe0:969 0:017(stat:) 0:012(syst:).
Thedierentialcrosssection asafunction oftheW   production angleism easured fortheqqe
and qq nalstates.Theresultsdescribed in thispaperareconsistentwith theexpectations
from theStandard M odel.
Thispaperisdedicated to them em ory ofBen Shen
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From 1996  2000 the LEP e+ e  collider atCERN operated atcentre-of-m ass energies,
p
s,
above thethreshold forW + W   production.ThispaperdescribestheOPAL m easurem entsof
the W + W   production cross section and W branching fractionsusing this data sam ple that
corresponds to a totalintegrated lum inosity of701:1pb
 1
. The OPAL analysis ofW + W  
production and decay using datarecorded at
p
s> 190GeV hasnotbeen published previously.
For this paper the data recorded at 183GeV and above have been analysed using the nal
OPAL detectorcalibration and W paireventselections. The resultspresented here supersede





Thedatacollected closetotheW pairproduction threshold (
p
s= 161GeV and 172GeV)have
notbeen reanalysed and thecorresponding resultsaredescribed in [3,4].Furtherm ore,forthe
reasonsexplained in Section 3.1,the 183GeV W + W   ! ‘‘ data have notbeen reanalysed
and thecorresponding resultsaregiven in [1].
In thispaper,W + W   production isdened in term softhe C C 03 class[5]ofproduction
diagram s. These diagram s, which correspond to t-channele exchange and s-channelZ=
exchange,provideanaturaldenition ofresonantW -pairproduction.Thecontributionstothe
eventratefrom non-C C 03 diagram swhich lead to thesam enalstatesasW -pairproduction
(including interferencewith theC C 03 setofdiagram s)aretreated asadditivebackground.In
theStandard M odel(SM ),W + W   eventsareexpected todecay intofullyleptonic(‘‘),sem i-
leptonic(qq‘),orfully hadronic(qqqq)nalstateswith predicted SM branching fractionsof
10.6% ,43.9% and 45.6% respectively [5].Hereqq denotesa quark and an anti-quark and ‘
denotesalepton/anti-lepton (‘= e,,)and an anti-neutrino/neutrino.Threeseparateevent
selections,described in Section 3,are used to identify candidate W + W   eventsby theirnal
statetopologieswith ‘‘ and qq‘ candidatesclassied according to thecharged lepton type.
From theobserved eventratesin these ten channels(6 ‘‘,3 qq‘ and qqqq)m easurem ents
ofthe W boson branching fractionsand totalW + W   production crosssection are obtained.
The m easured branching fraction to hadronsisused to provide a determ ination ofthe CKM
m atrix elem entjVcsj.Fortheqqee and qq decay channelsthechargeoftheW bosonscan
be identied from the charge ofthe observed lepton. These eventsare used to determ ine the
dierentialcrosssection in term softheW   polarangle.
3
2 D etector,D ata and M onte C arlo
2.1 T he O PA L D etector
The innerpartofthe OPAL detectorconsisted ofa 3.7 m diam etertracking volum e within a
0.435 T axialm agneticeld.Thetracking detectorsincluded a silicon m icro-vertex detector,a
high precision gasvertex detectorand alargevolum egasjetcham ber.Thetrackingacceptance
correspondstoapproxim atelyjcosj< 0:95(forthetrackqualitycutsusedinthisstudy),where
 isthepolaranglewith respecttothee  beam direction.Thetransversem om entum resolution
form uon tracksisapproxim ately pT =pT =
p
(0:02)2 + (0:0015pT)
2 with pT m easured in GeV.
Lying outside the solenoid,the electrom agnetic calorim eter(ECAL)consisting of11704 lead
glass blocks had fullacceptance in the range jcosj< 0:98 and a relative energy resolution
forelectronsofapproxim ately E =E  0:18=
p
E with E m easured in GeV.Them agnetreturn
yoke wasinstrum ented with stream ertubeswhich served asthe hadronic calorim eter. M uon
cham bersoutsidethehadroniccalorim eterprovided m uon identication in therangejcosj<
0:98.Herm eticity forpolaranglesdown to approxim ately 24m rad wasachieved with forward
detectors designed form easuring electrons and photons. Additionalforward scintillator tiles
wereinstalled in1998in ordertoextend thecoveragefordetection ofm inim um ionisingparticles
[6].Theseforward scintillatortileswereused toim provethe‘‘ analysisforthe
p
s 189GeV
data sam ples.A detailed description oftheOPAL detectorcan befound in [7].
2.2 D ata Sam ple
From 1996 onwardsthecentre-of-m assenergy oftheLEP colliderwasincreased from 161 GeV
to 209 GeV in severalsteps. The totalintegrated lum inosity ofthe data sam ple considered
in this paper,evaluated using sm allangle Bhabha scattering events observed in the silicon
tungsten forward calorim eter[8],is701:1 2:1pb
 1
.Forthepurposeofm easuring theW + W  
crosssection these data aredivided into ten
p
s rangeslisted in Table 1.These rangesreect
them ain energy stepsasthecentre-of-m assenergy wasincreased during LEP operation above















Table 1:The energy binning used forthe W + W   crosssection m easurem ents. The
p
s range





2.3 M onte C arlo
A num ber of M onte Carlo (M C) sam ples, allincluding a fullsim ulation [9]of the OPAL
detector,areused to m odelthesignaland background processes.Forthispaperthem ain M C
sam plesforfour-ferm ion nalstatesconsistentwith com ing from the processe+ e  ! W + W  
aregenerated usingtheKandY [10]program .KandY includesexactO ()YFS exponentiation
[11]forthe W + W   production process,with O ()electroweak non-leading (NL)corrections
com bined with YFS exponentiated O (3)leading logarithm (LL)initialstateradiation (ISR).
Finalstate radiation (FSR)from leptonsisim plem ented in Photos [12]and radiation from
the quark induced parton-showerisperform ed by Jetset [13]. The hadronisation within the
Jetset m odelis tuned to OPAL data recorded at the Z resonance [14]. For the studies of
system atic uncertainties the Jetset hadronisation m odelis com pared with the predictions
from Herw ig [15]and Ariadne [16].
TheKandY generatorisalsoused toproduceeventweightssuch thatgenerated eventscan
bereweighted tocorrespond totheC C 03 setofdiagram salone.Thedierencebetween thefull
setoffour-ferm ion diagram sand theC C 03 diagram saloneisused to obtain thefour-ferm ion
background which includestheeectsofinterferencewith theC C 03 diagram s.
TheKoralW program [17]isused tosim ulatethebackground from four-ferm ionnalstates
which areincom patiblewith com ing from thedecaysoftwo W -bosons(e.g.e+ e  ! qq+   ).
The two-ferm ion background processes e+ e  ! Z= ! +   ,e+ e  ! Z= ! +   and
e+ e  ! Z= ! qq are sim ulated using KK2f[18]. The two ferm ion processe+ e  ! Z= !
e+ e  issim ulated usingBhw ide [19].Backgroundsfrom two-photon interactionsareevaluated
using Pythia [20],Herw ig,Phojet [21],Bdk [22]and theVerm aseren program [23].
The SM predictions for the C C 03 e+ e  ! W + W   cross sections above the W + W  
threshold region are obtained from the YfsW W [24]and the RacoonW W [25]program s.
RacoonW W is a com plete O () e+ e  ! 4f calculation in the double pole approxim a-
tion with ISR treated using a structure function approach. The YfsW W program provides
the W + W   calculationsin KandY.YfsW W and RacoonW W yield nearly identicalpredic-
tionsfortheW + W   crosssectionswith an estim ated theoreticaluncertainty ofapproxim ately
0.5% [26].ForW -pairproduction nearthreshold (the161GeV and 172GeV data)theleading-
and double-poleapproxim ationsused in YfsW W and RacoonW W respectively areno longer
valid and the predictions are obtained from both calculations using the Im proved Born Ap-
proxim ation wherethetheoreticaluncertainty isapproxim ately 2% .
3 e+ e  ! W + W   Event Selection
The selection ofW + W   events proceeds in three stages,corresponding to the three W + W  
decay topologies: W + W   ! ‘‘, W + W   ! qq‘ and W + W   ! qqqq. The selections are
m utually exclusive with only events failing the W + W   ! ‘‘ selection being considered in
the W + W   ! qq‘ selection,and only events which are not selected as ‘‘ or qq‘ being
considered fortheW + W   ! qqqqselection.Theeventselectionsareessentiallyunchangedfrom
those described in detailin [2](and referencestherein)although the W + W   ! ‘‘ selection
now incorporatesfeaturesused in theOPAL analysisofdi-lepton eventswith signicantm issing
transverse m om entum [27].
In the centre-of-m assenergy range
p
s = 161  209 GeV,the lum inosity-weighted average
C C 03 W -pairselection ecienciesforthe‘‘,qq‘ and qqqq decay channelsare84% ,84%
and 86% respectively.Thiscorrespondsto a totaleciency of85% .Theselection eciencies,
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broken down intothedierentlepton avoursaresum m arised in Table 2.Forthedatasam ples
away from the W -pair threshold the selection eciencies depend only weakly on centre-of-
m assenergy. The m ain featuresofthe selectionsand associated system atic uncertaintiesare
described below in Sections3.1 3.3.
Event Eciencies[% ]forW + W   !
Selection ee   e e  qqe qq qq qqqq
ee 74.1 0.0 0.8 0.4 6.6 0.1 0.0 0.0 0.0 0.0
 0.0 77.9 0.7 1.4 0.1 6.7 0.0 0.0 0.0 0.0
 0.7 0.7 48.1 0.7 4.9 5.6 0.0 0.0 0.0 0.0
e 2.6 0.4 1.4 76.5 6.2 6.9 0.0 0.0 0.0 0.0
e 10.3 0.0 11.5 5.6 64.2 1.2 0.0 0.0 0.0 0.0
 0.2 9.5 8.4 4.3 0.8 61.5 0.0 0.0 0.0 0.0
qqe 0.0 0.0 0.0 0.0 0.2 0.0 84.3 0.1 4.0 0.0
qq 0.0 0.0 0.0 0.0 0.0 0.1 0.2 88.3 4.4 0.1
qq 0.0 0.0 0.2 0.0 0.0 0.0 4.3 4.4 61.5 0.5
qqqq 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.8 85.9
Table 2: The lum inosity-weighted average selection eciencies for the CC03 processes for
p
s= 161  209GeV.The ecienciesincludecorrectionsfordetectoroccupancy and tracking
inecienciesasdescribed in thetext.
3.1 Selection ofW + W   ! ‘‘ events
The W + W   ! ‘‘ process results in an event with two charged leptons,not necessarily of
the sam e avour,and signicantm issing m om entum . Thischaracteristic eventtopology isof
interest both form easuring aspects ofW physics and forexploring the potentialproduction
ofnew particlesleading to the sam e experim entalsignature. The W + W   ! ‘‘ eventselec-
tion described here rstrequiresevents to be selected by the generaleventselection used by
OPAL to search fornew particlessuch aspairproduction ofsuper-sym m etric particleswhich
decay leptonically [27].Thisselection identieseventsconsistentwith therebeing two charged
leptons and signicant m issing transverse m om entum . From this sam ple cuts are applied to
identify events consistent with being from the W + W   ! ‘‘ process. This event selection
takesadvantage ofchangesto the OPAL detectorm ade in 1998.Consequently the data from
centre-of-m assenergiesof161 [3],172 [4]and 183GeV [1]havenotbeen reanalysed.
The general‘‘ eventselection isdescribed in detailin [27]and referencestherein. The
selection isform ed by requiring thatan eventbe selected by eitheroftwo independentevent
selections,referred to in [27]asSelection Iand Selection II.Both eventselectionsrequire ev-
idence forsignicantm issing transverse m om entum and aredesigned to m inim ise background
contributionsfrom SM processeswhich can lead to an experim entalsignature oftwo charged
leptonsand signicantm issingtransversem om entum .In thecaseofbackground processes,sig-
nicantm issing transversem om entum can arisefrom anum berofsources:secondary neutrinos
in tau decays;m is-m easurem entofthelepton energiesand directions;orwherehigh transverse
m om entum particlesareincidenton poorly instrum ented regionsofthedetector.
Selection Iis designed to retain eciency forevents with low visible energy. Selection II
isdesigned form easuring W + W   ! ‘‘ eventswhich usually havesubstantialvisibleenergy;
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the selection criteria have been optim ised to m axim ise the statisticalpower(eciency m ulti-
plied by purity)treating C C 03 W + W   ! ‘‘ assignaland SM processesotherthan ‘‘ as
background.Forboth Selection Iand Selection IIparticularcareistaken to rejecteventswith
fakem issing m om entum duetodetectoreects.Neitherselection attem ptstoreducethesensi-
tivity to non-C C 03 sourcesof‘‘ eventswith two detected leptons.Thereisa largeoverlap
in the expected acceptance ofthe two selections: from the selected M C eventsam ple,6% of
eventsareselected exclusively by Selection Iand 6% exclusively by Selection II.Conversely,of
theM C SM background eventsfrom processesotherthan ‘‘,9% passboth selections,32%
exclusively passSelection Iand 59% exclusively passSelection II.
Both selections are cut-based and rather involved [27],and only an outline ofthe m ain
pointsisgiven here. The m ostsignicantvariablesused are: xm in (xm ax),the m om entum of
the lower (higher) m om entum charged lepton candidate scaled to the beam energy;xT,the
m agnitude ofthem issing m om entum scaled to thebeam energy;acop,thesupplem entofthe
azim uthalopening angle;m issp ,the polar angle ofthe m issing m om entum vector;p
m iss
z ,the
m agnitudeofthez com ponentofthem issing m om entum ;am issT ,thecom ponentofthem issing
transverse m om entum thatisperpendicular to the event thrustaxisin the transverse plane;
and m issa = tan
 1 [am issT =p
m iss
z ].
Selection Iisbased on threem ain requirem ents:
 evidence that a pair ofcharged leptons is produced,where at least one m ust have pT
exceeding 1.5 GeV and m ustsatisfy requirem entson lepton identication and isolation;
 evidenceofstatistically signicantm issing transversem om entum .Forlargeacoplanarity
events,acop > =2,xT isrequired to exceed 0.045. Foracop < =2,i.e. events where





Thecutsdepend on thedi-lepton identication inform ation;
 avetooneventswithfakem issingtransversem om entum usingthedetectorsintheforward
region ofthedetector.
Selection Iis designed as a generalselection for di-lepton events with m issing transverse
m om entum . In orderto isolate eventsconsistentwith the processW + W   ! ‘‘,additional
cutsareapplied in thisanalysisto rem oveeventswhich haverelatively low m issing transverse
m om entum (an im portantregion forSUSY and othernew particlesearchesbutnotforW -pair
production):
 eventsarerejected ifxm ax < 0:1;
 ifxT < 0:2,jcos
m iss
p j> 0:7 and xm in < 0:3,eventsare rejected ifeitherxm ax < 0:15 or
acop < =2 and 
m iss
a < 0:1;
 foreventswith only one reconstructed isolated charged lepton candidate,eventsare re-
jected ifthe netm om entum ofthe additionaltracks and clusters notassociated to the
lepton divided by theirinvariantm assislessthan 4.
Selection II starts from a preselected sam ple oflow m ultiplicity events and m akes little
use oflepton identication inform ation in the event selection procedure. The rst stage of
the selection is to apply a cone jet-nding algorithm [28]using a cone half-opening angle of
20 and a jetenergy threshold of2.5 GeV.The m ajority (90% )ofW + W   ! ‘‘ eventsare
reconstructed in thedi-jetcategory.Foreventsreconstructed astwo jetevents,thethreem ost
im portantselection criteria are:
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 evidence for m issing transverse m om entum dened by requiring thatxT should exceed
0.05 by a statistically signicantm argin;
 forlow acoplanarity eventsam issT should exceed 0.020,prim arily torejecteventswherethe
m issing m om entum arisesfrom secondary neutrinosfrom tau decays;
 a veto on activity in theforward region sim ilarto Selection I.
Additionalselectionstargeted atthree-jetevents(often W + W   ! ‘‘)and singlejetevents
(oneobserved lepton plusevidenceforthepresenceofanotherlepton)areused to im provethe
overallselection eciency.
Events are classied as one ofthe six possible di-lepton types. For events selected by
Selection II,theeventclassication usesboth particleidentication inform ation and kinem atic
inform ation as described in reference [2]. For events selected exclusively by Selection I the
di-lepton classication isbased on thelepton identication inform ation only.
3.1.1 W + W   ! ‘‘ Selection System atic U ncertainties
E ciency U ncertainties: The OPAL trigger and pretrigger system s provide a highly re-
dundantand ecienttriggerforW + W   ! ‘‘;studiesindicate thatthe triggerineciency
foreventsselected by these eventselectionsisnegligible. The W + W   ! ‘‘ eventselection
eciencies are lim ited m ainly by the geom etricalacceptance ofthe detector and the dened
kinem atic acceptance. The latterisim plicitin the requirem ent thatthe observed nalstate
particleshavea netvisibletransversem om entum which signicantly exceedsthatwhich could
be explained by undetected particlesatlow polarangles. The detectoracceptance iswellun-
derstood and factorsaecting thekinem atic acceptance such asm om entum and energy scales
and resolutionsare adequately m odelled by the M C sim ulation. Extensive studieshave been
carried outcom paringdistributionsoftheeventselection variablesin datawith M C.In general,
reasonable agreem entisfound and quantitative estim atesofthe individualsystem atic eects
aresm allcom pared to thestatisticalerrors.In particular,thecriticaldistributionsassociated
with requiring m issing transverse m om entum ,such as the am issT and the xT distributions are
wellm odelled.Asan exam ple,thesinglem ostim portantcutin thetwo \jet" partofSelection
IIis the cut on am issT which leads to a relative loss in the W
+ W   ! ‘‘ eciency of1.1% .
A conservative estim ate ofthe system atic erroron the am issT scale of1% leadsto a system atic
uncertainty of0.04% on the overalleciency. As a result ofsuch studies,an overallglobal
eventselection eciency system atic uncertainty corresponding to 5% ofthe ineciency prior
tooccupancy correctionsisassessed.Thissystem aticuncertainty istaken tobefully correlated
am ong centre-of-m assenergiesand rangesfrom 0.7% at189 GeV to 0.8% at207 GeV.
D etector O ccupancy: The W + W   ! ‘‘ eventselection issensitive to hitsin the various
sub-detectors which do not arise from the prim ary e+ e  interaction,term ed \detector occu-
pancy". Backgrounds from the accelerator,cosm ic-ray m uons,or electronic noise can lead
to additionalhits,energy deposition and even reconstructed tracks being superim posed on
triggered data events. These detector occupancy eects are sim ulated by adding to the re-
constructed M C events the hits,energy depositions and additional\jets" found in random ly
triggered [29]beam -crossing dataeventscorresponding tothesam ecentre-of-m assenergy.The
detectoroccupancy correctionsareincluded in thequoted ecienciesofTable 2.They reduce
theoveralleciency and rangefrom  0:4% at189GeV to 1:0% at207GeV.Thevariation is
dueto higherbeam -related backgroundsatthehighestenergies.In orderto takeinto account
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residualdeciencies in the im plem entation ofthese post event reconstruction corrections,a
system atic uncertainty am ounting to onehalfofthecorrection isassigned.
The overall‘‘ eciency system atic uncertainties (for allnalstates com bined) range
from 0.8% to 1.0% forcentre-of-m assenergiesof189  209GeV.
B ackground U ncertainties:Therearethreem ainsourcesofbackgroundintheW + W   ! ‘‘
selection:
 N on-‘‘ B ackground:Eventsfrom processeswith no prim ary neutrinoswhich m an-
ageto fakethem issing transverse m om entum signature.Im portantsub-com ponentsare
di-lepton production,in particulartau-pairs,m ulti-peripheraltwo-photon processesand
thefour-ferm ion e+ e  ff processes.
 N on-interfering four-ferm ion background: ‘‘ nalstatesarising from processes
such asZZ with prim ary neutrinosin thenalstateand with lepton and neutrinoavours
incom patiblewith W W production (e.g.+   ).
 Interfering four-ferm ion background:The‘‘ nalstatesrelevanttoW+ W   ! ‘‘
also havesignicantcontributionsfrom diagram sbeyond thoseofC C 03 W -pairproduc-
tion,such asW ee,Ze
+ e  ,ZZ and Zee. These contributions,which can also interfere
with theC C 03 diagram s,aretreated asan additivebackground.
For the centre-of-m ass energy range
p
s = 161   209GeV,the lum inosity-weighted average
expected background crosssectionsarelisted in Table3.
Sourceof Background [fb]in selection
Background ee   e e  qqe qq qq qqqq
‘‘ 20. 17. 18. 21. 31. 17. 0. 0. 0. 0.
qq‘ 0. 0. 0. 0. 0. 0. 61. 3. 73. 0.
qqqq 0. 0. 0. 0. 0. 0. 0. 1. 6. 493.
‘‘‘‘ 1. 1. 5. 0. 3. 2. 1. 0. 1. 0.
qq‘‘ 0. 0. 0. 0. 0. 0. 38. 30. 77. 49.
qq 0. 0. 0. 0. 0. 0. 1. 1. 36. 0.
‘‘ 2. 2. 5. 1. 5. 3. 2. 1. 5. 0.
qq 0. 0. 0. 0. 0. 0. 41. 23. 78. 1340.
e+ e  X 0. 0. 7. 0. 2. 1. 7. 2. 3. 0.
Total 23. 21. 35. 23. 41. 23. 152. 63. 280. 1882.
error 2. 3. 4. 2. 3. 3. 10. 5. 32. 100.
Table 3:Lum inosity-weighted average background crosssections[fb]in the dierenteventse-
lection categories.Thebackground crosssectionsfortheqq selection includethecorrections
described in thetext.Thequoted errorsincludeboth statisticaland system aticuncertainties.
The overallsystem atic uncertainties on the background cross sections for each di-lepton
classand ateach centre-of-m assenergy arecalculated by sum m ing up thecontributionsin the
following categories.Theuncertaintieswithin each category areassum ed to befully correlated
am ong di-lepton channelsand centre-of-m assenergies.
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 Foreventsfrom di-lepton production the theoreticaluncertaintiesare negligible.In this
case it is sim ulation of the detector response that dom inates the uncertainty on the
background.Eventsareselected dueto eitherm is-m easurem entsofthevariablesused in
the selection orfrom the tailsofthe +   decay distributions. An overallbackground
system atic uncertainty of10% isassessed.
 A 5% system atic uncertainty is assigned to the background expectations from genuine
‘‘ events com ing both from non-interfering four-ferm ion background nalstatesand
from the non-C C 03 contribution to nalstateswhere the fourferm ionsare com patible
with being from W -pairproduction.
 A 10% system atic uncertainty isassigned to the background expectationsfrom e+ e  ff
and the rem aining sm allcontributions from otherfour-ferm ion processes,reecting the
theoreticalerroron sim ulation ofprocesseslikeZe+ e  .
 For events from the m ulti-peripherale+ e  ! e+ e  X process an uncertainty of30% is
assigned. The uncertainty reects the size ofthe discrepancy in the m odelled num ber
ofevents exclusively rejected using the forward scintillating tiles,a category ofevents
dom inated by m ulti-peripheralbackgrounds.
Event C lassi cation U ncertainties:Therearetwo aspectsto thedi-lepton avourclassi-
cation ofselected W + W   ! ‘‘ candidates.Firstly,thealgorithm sforleptonstobeidentied
aselectrons,m uonsorhadronically decayingtaus.Thesem akeuseofm any ofthetechniquesof
lepton identication used by OPAL in studiesattheZ.Secondly,thekinem aticre-classication
algorithm based on scaled m om entum which re-classiessoftleptonsidentied aselectronsor
m uonsasprobablesecondaryleptonsfrom taus,and useselectrom agneticcalorim eterand m uon
inform ation to re-assesswhetherhighly energeticleptonsinitially notidentied aselectronsor
m uons are m ore consistent kinem atically with prom ptelectronsorm uons. The classication
eciency system atic uncertainty forgenuine electronsand m uonsisassessed to be 2% based
on theunderstanding ofthelepton identication inform ation in thelargee+ e  ! ‘+ ‘  sam ples
recorded atLEP1.Thekinem aticre-classication,which reliesm ainly on m easurem entofthe
lepton energy,reduces the system atic uncertainties on the eciencies forthe individualnal
statelepton channelstothe1% level.In theextraction oftheSM param etersthatfollowsithas
been veried thattheeectsofthe‘‘ classication system aticuncertaintiesaresm all.Nev-
ertheless,theeectsoftheclassication system aticuncertaintiesand correlationsareincluded
in theanalysis.
3.1.2 W + W   ! ‘‘ R esults
Using the KandY M C sam plesthe lum inosity-weighted average C C 03 W + W   ! ‘‘ event
selection eciency in the189 209GeV centre-of-m assenergy rangeisestim ated to be(84:7
0:8)% . The inclusive selection eciencies for the dierent centre-of-m ass energies are listed
in Table 4. The eciencies for the dierent nalstates depend m ostly on the num ber of
taus present. The lum inosity-weighted average eciencies are 89.4% ,83.2% and 71.9% for
nalstateswith zero,one and two tausrespectively. Forthe 189 209GeV data the selection
eciency does not depend strongly on centre-of-m ass energy. The lum inosity weighted e-
cienciesofthe W + W   ! ‘‘ selection forthe individualchannelsare given in Table2. The
eciencies/num bersofexpected eventsin alltablesincludethedetectoroccupancy corrections
described above.
10
In total,1188 eventsareselected asW + W   ! ‘‘ candidatescom pared to theSM expec-
tation of1138 9(thenum bersrefertotheentiredatasetfrom 161  209GeV).Figure1shows
kinem aticdistributionsforreconstructed W + W   ! ‘‘ eventsam ples.Thedatadistributions
arein good agreem entwith theM C expectations.Thenum bersofselected ‘‘ eventsateach
energy are used to determ ine the crosssectionsfore+ e  ! W + W   ! ‘‘ given in Table4.
Them easured crosssectionsarein agreem entwith theSM expectations.
p
s L N Eciency Background (W + W   ! ‘‘) SM
[GeV] [pb 1 ] [events] [% ] [events] [pb] [pb]
161.30 9.9 2 65.4 2.0 0.2 0.0 0.28 0.22 0.01 0.38
172.11 10.4 8 78.2 2.6 0.8 0.3 0.89 0.35 0.03 1.28
182.68 57.4 78 78.1 2.3 4.9 1.5 1.63 0.20 0.05 1.62
188.63 183.0 295 86.1 0.8 28.1 0.7 1.69 0.11 0.02 1.72
191.61 29.3 56 85.3 0.8 4.9 0.2 2.04 0.30 0.02 1.75
195.54 76.4 145 85.1 0.8 13.0 0.4 2.03 0.19 0.02 1.78
199.54 76.6 138 84.8 0.8 13.6 0.4 1.91 0.18 0.02 1.79
201.65 37.7 86 83.9 0.9 7.1 0.2 2.50 0.29 0.03 1.80
204.88 81.9 141 83.5 1.0 16.3 0.5 1.82 0.17 0.02 1.81
206.56 138.5 239 83.5 1.0 27.8 0.8 1.83 0.13 0.02 1.81
Table4:M easured crosssectionsfortheC C 03 processe+ e  ! W + W   ! ‘‘.Forthe‘‘
selection thedata below
p
s= 188:63GeV have notbeen reanalysed and theresultsaretaken
from [1,3,4]. The errorson the crosssectionsare statisticaland system atic. The num bersof
selected events,the‘‘ selection ecienciesand theexpected num bersofbackground events
arealsolisted.Thebackgroundsincludeasm allcontribution from sem i-leptonicW + W   decays
which forthecrosssectionsaretaken to bexed to theirSM expectations.
3.2 Selection ofW + W   ! qq‘ events
The W + W   ! qq‘ selection consistsofthree separate selections,one foreach type ofsem i-
leptonicdecay.Only thoseeventswhich arenotalready selected as‘‘ candidatesareconsid-
eredbytheseselections.ForeachoftheW + W   ! qqee,W
+ W   ! qq,andW
+ W   ! qq
event selections,the m ain partis a relative likelihood m ethod to reject the potentially large
e+ e  ! qq background.In therststage,theW + W   ! qqee and W
+ W   ! qq likelihood
selections are perform ed. The W + W   ! qq likelihood selection is only applied to those
eventswhich havenotalready been selected.Finally,eventspassingeithertheW + W   ! qqee
ortheW + W   ! qq selectionsm ay then bereclassied asW
+ W   ! qq candidates.
The W + W   ! qq‘ event selections used here are alm ost identicalto those described in
previousOPAL publications[1,2].However,using theentire OPAL W + W   data hasresulted
in an im proved understandingoftheselection ecienciesand backgrounds.Usingtheim proved
estim ates ofthe system atic uncertainties,the cut on the relative likelihood variable used to
select qq candidates was re-optim ised to m inim ise the totaluncertainty (statisticaland
system atic)forthischannel. Asa resultthe cuton the likelihood wasraised from 0.5 to 0.8
which reducestheeciency by about5% .Thislossin eciency ism orethan com pensated by




The W + W   ! qq‘ event selection utilises the distinct topology ofW + W   ! qq‘ events;
m issing energy and a high energy (usually isolated)lepton.Theselection consistsofsix stages,
which can besum m arised as:
 loose preselection:a loosepreselection to rem oveeventswith low m ultiplicity orlittle
visible energy.
 lepton candidate identi cation:identication oftheobserved trackin theeventwhich
ism ostconsistent with being from the leptonic decay ofa W boson. Candidate lepton
tracksareidentied foreach oftheqqee,qq and qq hypotheses.
 preselection: dierent sets ofcuts are applied for W + W   ! qqee,W
+ W   ! qq,
and W + W   ! qq torem oveeventsclearly incom patiblewith being signal(e.g.events
are rejected ifthe totalvisible energy in the eventislessthan 0.3 ofthe centre-of-m ass
energy).
 relative likelihood selection: dierentrelative likelihood selectionsare used to iden-
tify W + W   ! qqee,W
+ W   ! qq,and W
+ W   ! qq candidates.Theprobability
density functionsused in thelikelihood selectionsareobtained from M C atthedierent
centre-of-m assenergies.Thevariablesused areeitherrelated tothepropertiesofthelep-
ton candidate(e.g.thelepton energy and degreeofisolation)orthekinem aticproperties
oftheevent(e.g.thetotalvisibleenergy and them agnitudeofthem issing m om entum ).
 decay classi cation: identication ofqq candidatesfrom events which were origi-
nally selected asqqee orqq.
 four-ferm ion background rejection: rejection offour-ferm ion backgrounds qq‘+ ‘  ,
W ee,Ze
+ e  and qq.
Therstfourstages,described in detailin [4],areoptim ised fortherejection ofthee+ e  ! qq
background which,forthe centre-of-m assenergiesconsidered here,hasan expected crosssec-
tion ofbetween four and seven tim es larger than the W -pair production cross section. The
m ostim portantfeatureoftheselection isthe loosenessoftheidentication ofpossible lepton
candidates. Forboth the W + W   ! qqee and W
+ W   ! qq selections the track which is
m ostconsistentwith being from a leptonic W -decay isidentied.The lepton track identica-
tion is based on an absolute likelihood taking into account m om entum ,isolation and lepton
identication variables. To avoid associated system atic uncertaintiesonly very loose cutsare
placed on thelepton identication likelihood.Thelepton identication likelihood isthen used
as one ofthe input variables in the likelihood event selection. In this way the presence of
eithera good isolated lepton candidate orsignicantm issing transverse m om entum isusually
sucientforan eventto beselected.Thisredundancy leadsto high eciency and reducesthe
dependence ofthe selection on the detailed sim ulation ofthe events and,consequently,leads
to relatively sm allsystem atic uncertainties.
Because of the lim ited use of lepton identication inform ation, approxim ately 33% of
W + W   ! qq events are accepted by at least one ofthe qqee and qq likelihood se-
lections. In addition,approxim ately 4% ofthe W + W   ! qqee and W
+ W   ! qq events
pass both the qqee and qq likelihood selections. Such events usually result from there
being a genuine electron from a W -boson decay and a track from oneofthejetsbeing tagged
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asm uon-like,orvice versa. Consequently additionallikelihood selections,based prim arily on
lepton identication variablesand track m om entum ,areused to categorise eventspassing the
qqee and qq likelihood selections into the three possible leptonic W -decay m odes. The
largestsystem aticuncertaintiesin theecienciesforselecting W + W   ! qq‘ eventsareasso-
ciated with thisstep.
Only eventswhich failed theW + W   ! qqee and W
+ W   ! qq likelihood arepassed to
theW + W   ! qq eventselection.The W
+ W   ! qq eventselection consistsofseparate
selections forfour possible tau decay signatures:  ! e, ! ,single prong hadronic
decay m odesand threeprong hadronicdecay m odes.Them ain dierencebetween theseselec-
tionsisthepowerofthevariablesused to identify possibletau decay productsand therelative
levelofbackgrounds. An event is considered a qq candidate ifitpasses any one ofthese
fourselections.
BecausetheW + W   ! qq‘ likelihoodselectionsaredesignedtorejectthedom inante+ e  !
qq background they have a signicant eciency for other four-ferm ion processes,e.g. qqe e
nalstates produced by the single W (W ee) diagram s and qq‘
+ ‘  production (m ainly via
e+ e  ! ZZ). Additionalfour-ferm ion background rejection cuts are applied to events pass-
ing the likelihood selections to reduce backgrounds from these processes. The four-ferm ion
background rejection consistsofthree separate parts. Cutsare applied to selected qqee and
qq candidates to reduce backgrounds from qqe
+ e  and qq+   nalstates where both
leptons are observed in the detector. Because ofthe lack ofa clear signature for a lepton
in W + W   ! qq events,the selection places m ore weight on m issing transverse energy to
rejecte+ e  ! qq.Consequently the W + W   ! qq selection acceptsapproxim ately 40% of
hadronically decaying singleW events(W ee ! qqee).In theseeventstheelectron isusually
produced in the farforward region beyond the experim entalacceptance and a fragm entation
track ism is-identied asa  lepton decay product. To reduce thisbackground,an additional
likelihood selection is applied which separates W + W   ! qq from W ee. This also rejects
background from e+ e  ! qq.Background in theW + W   ! qqee selection from theZe
+ e 
nalstate,wheretheZ decayshadronically and oneelectron isfarforward,isreduced with two
kinem atic ts,therstusing thehypothesisthattheeventisW + W   ! qqee and thesecond
using theZe+ e  hypothesis.
Inadditiontothelikelihoodselections,cutbasedselectionsareusedtoidentifyW + W   ! qqee
and W + W   ! qq eventswherethelepton track iseitherpoorly reconstructed orisbeyond
the tracking acceptance. These ‘trackless’selections require clear evidence ofan electron or
m uon in thecalorim eterorm uon cham bersconsistentwith thekinem aticsofa W + W   ! qq‘
event,withoutexplicitly dem andingareconstructed track.Theseadditionalselectionsim prove
theoveralleciency byapproxim ately 3% (5% )forW + W   ! qqee (W
+ W   ! qq)events,
and m oreim portantly resultin a reduction in thesystem aticuncertaintiesassociated with the
m odelling oftheforward tracking acceptance.
3.2.2 System atic uncertainties
Table 5 liststhe variouscontributionsto the system atic uncertainty on the qqee,qq and
qq selection eciencies. M any ofthe potentialsystem atic eectsprim arily aectthe clas-
sication ofselected qq‘ events ratherthan the overallqq‘ eciency. Am ongstthe eects
studied were:
i)FiniteM C statisticsoftheKandY M C sam plesused to determ ine theeciencies.
ii)The fragm entation and hadronisation system atic uncertaintiesarestudied with fully sim u-
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Signaleciency error(% )
EventSelection W + W   !
Sourceofuncertainty qqee qq qq qq‘
i) M C Statistics 0.07 0.06 0.10 0.04
ii) W W Fragm entation 0.25 0.20 0.50 0.20
iii) Tau candidateID     0.60 0.20
iv) O ()QED/Electroweak 0.09 0.05 0.03 0.04
v) ISR and FSR 0.07 0.12 0.10 0.03
vi) ECAL energy response 0.11   0.08 0.03
vii) Track m om entum response 0.07 0.05 0.08 0.02
viii) Jetenergy response 0.01   0.02 0.01
ix) Tracking Losses 0.30 0.05 0.06 0.10
x) DetectorOccupancy 0.03 0.03 0.06 0.03
xi) Preselection 0.10 0.10 0.15 0.12
xii) Likelihood Selection 0.30 0.10 0.40 0.10
Other 0.04 0.03 0.02 0.03
Total 0.54 0.30 0.91 0.36
Table5: Sourcesofuncertainty on theW + W   ! qq‘ selection eciencies.Theerrorsquoted
apply to theselection eciency forthecom bined
p
s= 183  209GeV data set.Entrieswhere
thesystem aticerrorestim ateislessthan 0.01% aredenoted by  .Theerrorson thecom bined
qq‘ selection takeinto accountcorrelationsbetween theseparatechannels.
lated M C W + W   ! qq‘ sam pleswhere thehadronisation processism odelled using Jetset,
Herw ig orAriadne. In addition,the param etersq,b,Q C D ,and Q 0 ofthe Jetset frag-
m entation m odelarevaried by onestandard deviation abouttheirtuned values[14].
iii)Thelargestsinglesystem atic uncertainty in theqq‘ selection isdueto an identied de-
ciency in the M C sim ulation ofisolated tracksfrom the fragm entation/hadronisation process.
Such tracks,ifsuciently isolated can have sim ilarpropertiesto those from hadronic tau de-
cays. In data there is a clear excess oflow m om entum tracks which have been identied as
the best tau decay candidate com pared to the M C expectation. This excess persists at all
stagesin the eventselection;forexam ple,there isa 10% excessofdata events passing the
W + W   ! qq preselection cuts(a sam ple dom inated by background from e
+ e  ! qq). To
assesstheim pacton theqq analysis,acontrolsam pleoftwo jeteventsisform ed by rem ov-
ing thetracksand calorim eterclustersassociated with thelepton in selected qqee and qq
events. The fullqq eventselection isapplied to these eventsand the selection eciency is
found to be7:3 4:6% higherin data than theM C expectation.Again thereisa clearexcess
(25 7% )ofisolated trackswith m om enta lessthan 5GeV.Thisdata sam ple isused to pro-
videa m om entum dependentcorrection factorwhich isused toreweightallM C eventswherea
fragm entation track isidentied asthebesttau candidate.Afterapplying thiscorrection,the
data/M C agreem entatallstagesin theqq selection issignicantly im proved.Theeectof
thiscorrection isto increasetheexpected background from qq and single-W (W ee)events.
Becauseqq eventscan also beselected on thebasisofa fragm entation track,thepredicted
selection eciency forqq eventsisalsoincreased by 0.6% .Thefullsizeofthecorrectionsto
eciency and background areassigned as(correlated)system aticerrorsin theqq selection.
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iv) The selection ecienciesare sensitive to hard photon radiation in the W -pairproduction
process. The OPAL data are consistent with the predictions from KandY [30]. Potential
system atic biasesare estim ated by reweighting the KandY M C sam plesso asto turn o the
O ()electroweak treatm entofradiation from theW -bosons.
v)A conservativeestim ateofthepossiblebiasesarisingfrom FSR from thelepton ortau decay
productsisinvestigated by reweighting theM C soastochangetherateofsuch FSR by 50% .
Thism ainly aectsthe classication ofselected events. The selection ecienciesarefound to
beinsensitive to thedetailed treatm entofISR.
vi),vii) and viii) Uncertaintiesin the detectorcalibration,linearity ofenergy response and
M C sim ulation oftheenergy resolution werestudied in detailfortheOPAL analysisoftheW -
boson m ass[31]. The uncertaintiesrelated to ECAL energy,track m om entum and jetenergy
responsedescribed therein arepropagated to theeventselection.
ix) Z ! ‘+ ‘  events are used to study the tracking eciency forelectronsand m uons. Itis
found thattheM C overestim atestheeciency forreconstructing electron and m uon tracksin
theforward region,jcosj> 0:9.Theeecton theselection eciency isreduced by a factorof
approxim ately threedueto thetracklessselections.TheM C eciency estim atesarecorrected
and thefullsizeofthecorrection isassigned asa system atic error.
x)Random lytriggered eventsrecorded throughoutthedata-takingperiodareused toassessthe
im pactofenergy depositsin thedetector(particularly in theforward lum inosity calorim eters)
which can resultin theeventbeing vetoed.Asa result,theM C eciencieswerecorrected and
halfthecorrection assigned asa system atic uncertainty.
xi)Theeventpreselection cutsrem ove approxim ately 1% ofqq‘ events.Possible system atic
eectsspecically associated with the preselection (in addition to those described above)are
studied applying the likelihood selection to alleventsfailing justone ofthe preselection cuts.
Thereisno evidenceofany system aticbiasand thestatisticalprecision ofthestudy isused to
assign thesystem aticuncertainty.
xii)TheM C expectation foreach ofthevariablesused in thelikelihood selection iscom pared
to theobserved distribution fortheselected events.Theratio ofdata to M C isused to dene
bin-by-bin corrections for each distribution. These corrections are propagated back into the
likelihood selection and theassociated system aticerrorsareobtained from theresultingchanges
in theselection eciencies.
B ackground U ncertainties: Table 3 showsthe background crosssectionsand totaluncer-
taintiesforthethreeqq‘ selections.Thelargestcontributionsto thebackground in theqq‘
selectionsarefrom thefourferm ion nalstatesqqee,qq‘
+ ‘  and qq and from e+ e  ! qq.
In theqq selection,theuncertaintieson thefourferm ion backgroundsaredom inated by the
correction forisolated low m om entum tracksdescribed above. The qqee background m ainly
arisesfrom the single W process(including interference with the C C 03 diagram s);a 5% un-
certainty on thiscrosssection isassum ed [26].Background from thee+ e  ! qq processm ainly
arises from radiative return events with an unobserved photon in the beam direction where
a hadronisation track ism is-identied asthe lepton. The e+ e  ! qq background isassigned
a 10% system atic uncertainty for the M C m odelling ofthe hadronisation process (based on
com parisonsofPythia,Herw ig and Ariadne).TheM C estim ateofthisbackground rateis
checked using controlsam plesconstructed from the data directly. Forthe background,‘fake’
eventsareconstructed by boosting hadronicZ eventsrecorded at
p
s= 91 GeV to theinvari-
antm assdistribution expected ofquark pairsatthe appropriate
p
s. There isan additional
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11% uncertainty on the e+ e  ! qq background in the qqee selection from uncertainties in
the rate at which high energy photon conversions fake an electron. The backgrounds from
m ulti-peripheraltwo photon processes(alm ostentirely from hadronic nalstatesratherthan
from e+ e  ! e+ e  ‘+ ‘  )are assigned a system atic uncertainty of50% to coverthe variation
in predictionsobtained from dierentgenerators.
3.2.3 W + W   ! qq‘ R esults
Using the KandY M C sam ples the inclusive qq‘ selection is estim ated to be 83:8 0:4%
ecient for W + W   ! qq‘ events. The selection eciencies for the dierent centre-of-m ass
energies are listed in Table 6. Above the W + W   threshold region the selection eciency
does notdepend strongly on the centre-of-m ass energy. The lum inosity weighted eciencies
ofthe W + W   ! qq‘ selection for the individualchannels are given in Table2. The e-
ciencies/num bersofexpected eventsin alltablesincludesm allcorrections(0:1  0:3% )which
accountfortrackinglosseswhich arenotm odelled by theM C sim ulation oftheOPAL detector.
Theeectofdetectoroccupancy from beam -related backgroundsisalsoincluded asisthesm all
correction associated with theidentication oftau candidatesdescribed above.
In total4572 eventsareselected asinclusive W + W   ! qq‘ candidatesin agreem entwith
the SM expectation of4622 28.Figure2 showsdistributionsofthe reconstructed energy of
the lepton in the qqee,qq,and qq selectionsand the sum m ed distribution. The data
distributionsarein good agreem entwith theM C expectations.
Thenum bersofselected qq‘ eventsateach energy areused todeterm inethecrosssections
for e+ e  ! W + W   ! qq‘ given in Table6. The results are obtained assum ing the sm all
backgrounds from ‘‘ and qqqq are given by the SM .The m easured cross sections are in
agreem entwith theSM expectations.
p
s L N Eciency Background (W + W   ! qq‘) SM
[GeV] [pb 1 ] [events] [% ] [events] [pb] [pb]
161.30 9.9 12 63.6 2.5 1.4 0.5 1.68 0.55 0.07 1.58
172.11 10.4 55 84.2 1.0 4.6 0.8 5.77 0.85 0.07 5.31
182.68 57.4 357 84.2 0.4 22.1 2.1 6.93 0.39 0.05 6.74
188.63 183.0 1171 84.6 0.4 89.8 5.7 6.98 0.22 0.05 7.13
191.61 29.3 176 84.6 0.4 15.1 1.0 6.48 0.54 0.05 7.26
195.54 76.4 554 84.1 0.4 43.6 2.6 7.94 0.37 0.05 7.38
199.54 76.6 494 83.7 0.4 44.8 2.7 7.01 0.35 0.05 7.46
201.65 37.7 255 83.6 0.4 22.1 1.3 7.39 0.51 0.05 7.48
204.88 81.9 523 83.9 0.4 52.3 3.2 6.85 0.33 0.05 7.50
206.56 138.5 975 83.6 0.4 86.9 5.1 7.67 0.27 0.05 7.51
Table6:M easuredcrosssectionsfortheprocesse+ e  ! W + W   ! qq‘.Fortheqq‘ selection
thedatabelow
p
s= 182:68GeV havenotbeen reanalysed and theresultsaretaken from [3,4].
The errors on the cross sections are statisticaland system atic respectively. The num bers of
selected events,qq‘ selection ecienciesand expected num bersofbackground eventsarealso
listed.Thebackgroundsincludefully-leptonicand fully-hadronicW + W   decaysforwhich the
crosssectionsaretaken to betheirSM expectations.
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3.3 Selection ofW + W   ! qqqq events
The selection offully hadronic W + W   ! qqqq eventsisperform ed in two stagesusing a cut-
based preselection followed by a likelihood selection procedure. This likelihood selection is
prim arily designed to reject the dom inant background from the e+ e  ! qq process where
the di-quark system fragm ents into a fourjettopology. No attem ptism ade to discrim inate
againsttheneutralcurrentprocessZZ ! qqqq forwhich thecrosssection isatleastan order
ofm agnitude sm allerthan thatforW + W   ! qqqq. The preselection and likelihood selection
variablesareunchanged from those described in previousOPAL publications[2]although the




Alleventswhich areclassied ashadronic[32]and which havenotbeen selected by eitherthe
‘‘ orthe qq‘ selectionsare considered ascandidatesforthe W+ W   ! qqqq selection. In
addition,any eventwhich isidentied and rejected asa four-ferm ion background eventin the
qq‘ selection isalso rejected asa qqqq candidateevent.
Tracksand calorim eterclustersarecom bined intofourjetsusingtheDurham algorithm [33]
and thetotalm om entum and energy ofeach jetiscorrected fordouble-counting ofenergy [34].
To rem oveeventswhich areclearly inconsistentwith a fully hadronicW + W   decay,candidate
events are required to satisfy a set ofpreselection cuts including a cut on m inim um visible
energy (70% of
p
s),m inim um invariantm ass(75% of
p
s),and m inim um m ultiplicity perjet
(one track). The m ost im portantpreselection cut islog10(W 420)< 0 [35],where W 420 is the
QCD m atrix elem ent calculated asan event weightform ed from the tree levelO (2s)m atrix
elem ent [36]forthe fourjet production processes (e+ e  ! qq ! qqqq;qqgg). The value of
W 420 isdeterm ined by using theobserved m om enta ofthefourreconstructed jetsasestim ates
oftheunderlying parton m om enta which areinputtothem atrix elem entcalculation.Thebest
discrim inating powerbetween signaland background wasfound using a variabledened asthe
largestvalueoftheW 420 m atrix elem entfrom any ofthe24 possiblejet-parton associationsin
each event.
Thepreselection requirem entsrejectaround 95% ofthee+ e  ! qq eventswhich com prise
thedom inantsourceofbackground in theW + W   ! qqqqeventselection,whilethepreselection
eciency forthe hadronic W + W   ! qqqq decaysisestim ated to be 90  93% depending on
p
s.
Events satisfying the preselection cuts are classied as signalor background based upon
a fourvariable likelihood selection. The following likelihood variablesare selected to provide
a good separation between the hadronic W + W   ! qqqq signaland the e+ e  ! qq four jet
background,whilem inim ising thetotalnum berofvariablesused:
 log10(W 420),theQCD fourjetm atrix elem ent;
 log10(W CC03),theExcalibur m atrixelem ent[37]fortheC C 03 process(W
+ W   ! qqqq);
 log10(y45),thelogarithm ofthevalueoftheDurham jetresolution param eteratwhich an
eventisreclassied from fourjetsto vejets;
 eventsphericity.
Figure3showsthedistribution ofthesefourlikelihood variablesforallpreselected eventsfound
inthe183  209GeV data.Toim provethestatisticalpowerofthisselection,am ulti-dim ensional
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likelihood technique isused to accountforthe correlationsbetween the fourlikelihood input
variables [38]. M ost ofthe separation between the signaland background events is provided
by thetwo m atrix elem entvalueslog10(W CC03)and log10(W 420),which isrelated totherelative
probability thatthekinem aticsoftheobserved eventareconsistentwith signalorbackground
production respectively.W hilethelikelihood inputvariablesarethesam eforeventsin all
p
s
ranges,the likelihood discrim inantfunctionsare separately calculated from C C 03 signaland
e+ e  ! qq background M C sam plesin three rangesof
p
s:185  194GeV,194  202:5GeV,
and 202:5  209:0GeV.Candidate eventsat
p
s below 185 GeV are unchanged from previous
OPAL publications[1,3,4].
An eventisselected asa hadronic W + W   ! qqqq candidate ifthe likelihood discrim inant
variable,also shown in Figure 3,isgreaterthan 0.4. Thiscutvalue waschosen to m axim ise
theexpected statisticalpowerofthisselection assum ing theSM rateforC C 03 production.
3.3.2 B ackground Estim ation
The accepted e+ e  ! qq background is estim ated from KK2fM C sam ples, with Pythia
Herw ig and Ariadne hadronisation being used ascross-checks.To reducetheuncertainty on
thisbackground estim ate,a technique to m easure thisratedirectly from thedata isused.By
com paring thenum berofeventsseen in data and M C in therange0 < log10(W 420)< 1 which
would otherwisepassthepreselection cuts,theoverallfourjetbackground ratepredicted by the
M C isnorm alised to the observed data. Thisprocedure isperform ed and applied separately
in the three
p
s selection ranges described above. A lum inosity-weighted average correction
over the full
p
s range of( 1:4  1:7)% is found for the default KK2fsam ples,where the
uncertainty isthestatisticalprecision ofthe norm alisation procedure.The observed data and
corrected M C expectation in this sideband background region are shown in Figure 3. The
expected contam ination from C C 03 production in thisregion islessthan 3% ,resulting in a
negligiblebiason theextracted C C 03 crosssection.
3.3.3 Selection U ncertainties
The m ain system atic uncertainty on the selection eciency resultsfrom the m odelling ofthe
QCD hadronisation process.Thisuncertainty isestim ated by com paringtheselection eciency
predicted using the Jetset hadronisation m odelwith alternative m odelsincluding Herw ig,
Ariadne and an olderversion ofthe OPAL Jetset tuning [39]. These variationscover the
observed data/M C dierencessuch asthey45 distribution shown inFigure3.Theuncertaintyin
theselection eciency from them odellingofthehadronisation processisalm ostexclusively due
to the preselection requirem ents,and isfound to beindependentof
p
s.The largestobserved
deviation in selection eciency istaken asthesystem aticuncertainty,resultingin an estim ated
relativeuncertainty of0.9% which isfully correlated between dierent
p
s sam ples.
Cross-checks ofthisuncertainty are perform ed by com paring the observed shapesofboth
thepreselection and selection variablesseen in data to thosepredicted by thesignalM C sam -
ples. Aftersubtracting the expected background,the dierences between observed data and
expected M C signaldistributionsarecom parabletothevariationsobserved within thedierent
hadronisation m odelsthem selves.In addition,theeectofdirectly varying theparam etersq,
b,Q CD,and Q 0 ofthe Jetset hadronisation m odelby one standard deviation about their
tuned values[14]aswasdoneforpreviousOPAL results[2]leadsto sim ilaruncertainties.
Additionaluncertaintieson the m odelling oftheunderlying hard processareevaluated by
com paringC C 03 eventsproduced byKandY with othergenerators(Excalibur,Pythia,and
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grc4f[40]). Uncertainties on the detector m odelling are evaluated from direct com parison of
datadistributionswith M C predictions,and aregenerally sm allerthan theobserved dierences
seen between thedierenthadronisation m odels.Possible biasesrelated to nalstateinterac-
tionsbetween the hadronic system s produced by dierentW bosonshave been evaluated for
colour-reconnection eects[41]and Bose-Einstein correlations[42].These eectsarefound to
besm all,and thetotalchange in predicted selection eciency when these eectsareincluded
in thehadronisation m odelistaken asthesystem aticuncertainty.
3.3.4 B ackground U ncertainties
The dom inantuncertainty on the expected background rate com esfrom the m odelling ofthe
hadronisation process,particularly in e+ e  ! qq events. Thisuncertainty isevaluated in the
sam em annerasthehadronisation uncertainty forthesignaleciency,using largeM C sam ples
produced with a variety ofhadronisation m odels,and taking the largest observed deviation
as an estim ate ofthe system atic uncertainty. The background norm alisation procedure has
been consistently applied during these system atic checks. The uncertainty on the estim ated
background is about 75 fb (the exact value depends on the centre-of-m ass energy) which is
taken to befully correlated between dierent
p
s sam ples.The uncertainty from m odelling of
the hadronisation process for the background estim ation is found to be largely uncorrelated
with theuncertainty on thesignaleciency.
The background norm alisation procedure contributesan additional,statisticaluncertainty
to thebackground estim ation ofabout3% which isuncorrelated between dierent
p
s ranges.
Additionaluncertaintiesin thenon-C C 03 four-ferm ion background areestim ated bycom paring
the expectations of KoralW , grc4f, and Excalibur. This background is predom inantly
from the neutralcurrentprocessZZ ! qqqq,ofwhich only 20% isin nalstateswith direct
interference with theC C 03 diagram s.In each case,thesinglelargestdierence observed in a
setofsystem atic checksistaken asan estim ateoftheuncertainty.
3.3.5 W + W   ! qqqq R esults
The lum inosity-weighted eciency ofthe likelihood selection forW + W   ! qqqq eventsises-
tim ated from KandY M C sam plesto be85:9 0:9% ,where the errorrepresentsan estim ate
ofthe system atic uncertainties. A totalof5933 W + W   ! qqqq candidate eventsare selected
com pared to the expectation of5845:2 67:5.The lum inosity-weighted purity ofthe selected
event sam ple is 77% . The selection eciencies for the dierent centre-of-m ass energies are
listed in Table7.Forthe189 209GeV data theselection eciency doesnotdepend strongly
ofcentre-of-m assenergy.Thenum bersofselected qqqq eventsateach energy areused todeter-
m inecrosssectionsfore+ e  ! W + W   ! qqqq,alsolisted in Table7.Theresultsareobtained
assum ing thesm allbackgroundsfrom ‘‘ and qq‘ aregiven by theSM .Them easured cross
sectionsarein agreem entwith theSM expectations.
4 M easurem ent ofthe W + W   cross section
The observed num bersofselected W + W   eventsareused to m easure the W + W   production
crosssection and theW decay branching fractionstoleptonsand hadrons.Them easured cross
section correspondstothatofW -pairproduction from theC C 03 diagram sasdiscussed earlier.
The expected four-ferm ion backgrounds quoted throughout this paper include contributions
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p
s L N Eciency Background (W + W   ! qqqq) SM
[GeV] [pb 1 ] [events] [% ] [events] [pb] [pb]
161.30 9.9 14 56.7 3.5 3.4 0.4 1.88 0.67 0.14 1.64
172.11 10.4 54 70.3 3.0 13.1 1.9 5.62 1.01 0.24 5.52
182.68 57.4 439 86.3 0.9 98.1 6.8 6.89 0.42 0.11 7.00
188.63 183.0 1553 86.6 0.9 339.5 17.8 7.66 0.25 0.12 7.41
191.61 29.3 245 86.2 0.9 55.2 2.8 7.51 0.62 0.12 7.54
195.54 76.4 709 87.2 0.9 152.6 7.8 8.35 0.40 0.12 7.67
199.54 76.6 643 86.7 0.9 150.6 7.7 7.42 0.38 0.11 7.75
201.65 37.7 342 86.6 0.9 75.8 3.8 8.16 0.57 0.12 7.77
204.88 81.9 683 86.3 0.9 159.9 8.2 7.40 0.37 0.11 7.79
206.56 138.5 1251 86.1 0.9 274.4 13.9 8.19 0.30 0.12 7.80
Table 7: M easured cross sections for the process e+ e  ! W + W   ! qqqq. For the qqqq
selection thedata below
p
s= 182:68GeV have notbeen reanalysed and theresultsaretaken
from [3,4]. The errors on the cross sections are statisticaland system atic respectively. The
num bers ofselected events,qqqq selection eciencies and expected num bers ofbackground
eventsarealso listed.Thebackgroundsincludefully-leptonicand sem i-leptonicW + W   decays
which forthecrosssectionsaretaken to bexed to theirSM expectations.
from both non-C C 03 nalstates and the eects ofinterference with the C C 03 diagram s.
M is-identied C C 03 nalstatesare notincluded in the background valueslisted in Table 3,
but rather are taken into account by o-diagonalentries in the eciency m atrix. Table 8
sum m arisestheeventselectionsin theten W + W   decay topologies.
The W + W   cross section and branching fractions are m easured using data from the ten
separate decay channels. The physicalparam eters(crosssections,branching ratios,etc.) are
obtained from ts where allcorrelated system atic uncertainties are taken into account. The
totalcross section is obtained from a m axim um likelihood t to the num bers ofevents in
the ten decay channels from data at allcentre-of-m ass energies allowing the cross sections
at each centre-of-m ass energy to vary and assum ing the SM branching fractions. Eciency,
background,and lum inosity system aticuncertaintiesareincluded asnuisanceparam eterswith
Gaussian penalty term sin the likelihood function [43]. Correlationsare accounted forin the
covariancem atrix ofthenuisanceparam etersassociated with thesystem aticuncertainties.The
resultsarelisted in Table 9 and shown in Figure4.In both casestheresultsarecom pared to
theSM expectation which istaken to bethem ean ofthecrosssectionspredicted by YfsW W
and RacoonW W (on average the predicted crosssection from YfsW W is0.2% higherthan
thatfrom RacoonW W ).The resultsdo notdiersignicantly iftheSM branching fractions
areleftunconstrained in thet.W hen com pared to theSM expectations,the10 crosssection
m easurem entsin Figure4 yield a 2 of15.5 (11% probability).W hen the100 individualevent
countsused to obtain thecrosssections(ten channels ten
p
sbins)arecom pared to theSM
expectation the 2 obtained is94.5 for100 degreesoffreedom . The OPAL W + W   data are
consistentwith the SM expectation. The crosssectionslisted in Table 9 dierfrom than the
sum s ofthe exclusive cross sections from the separate channels (listed in Tables 4,6 and 7)
because ofthe constraintto the SM branching ratiosand the largersystem atic errorsand in
theqqqq channel.
A tto the data where theexpected crosssectionsatallcentre-of-m assenergiesaregiven
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Selection Eciency Purity Expected Observed Data/Expected
ee 89.0% 88.1% 136.7 2.4 141 1.0320.0870.018
 95.0% 89.9% 143.0 2.5 156 1.0910.0870.017
 71.8% 79.5% 122.2 3.4 131 1.0720.0940.028
e 91.8% 93.9% 264.8 3.2 251 0.9480.0600.012
e 81.9% 88.5% 250.5 4.2 256 1.0220.0640.017
 75.6% 92.6% 220.9 4.1 253 1.1450.0720.019
‘‘ 83.8% 89.7% 1137.7 8.5 1188 1.0440.0300.007
qqe 88.3% 93.2% 1597.5 9.8 1585 0.9920.0250.006
qq 92.8% 96.8% 1616.7 5.1 1581 0.9780.0250.003
qq 70.1% 84.1% 1407.8 23.6 1406 0.9990.0270.017
qq‘ 83.8% 91.7% 4622.0 27.6 4572 0.9890.0150.006
qqqq 85.9% 77.4% 5845.2 67.5 5933 1.0150.0130.012
Total 85.2% 84.7% 11604.8 73.4 11693 1.0080.0090.006
Table 8: Selected events in the each ofthe 10 W + W   decay topologiescom pared to the SM
expectation.Also listed arethecom bined num bersforthesix ‘‘ decay channelsand forthe
three qq‘ decay channels. The eciencies and purities for the ‘‘ (qq‘) decay channels
are calculated treating all‘‘ (qq‘) events as signal; e.g. the quoted eciencies in the
‘‘ channels represent the selected C C 03 cross section forany ‘‘ avour divided by the
generated C C 03 crosssection in thespecicchannel.Notethatthetotalratio ofdata to M C








161.30 3.56 0.88 0.11 3.61
172.11 12.14 1.34 0.22 12.10
182.68 15.38 0.61 0.13 15.37
188.63 16.22 0.35 0.11 16.26
191.61 15.87 0.86 0.10 16.55
195.54 18.21 0.57 0.12 16.82
199.54 16.23 0.54 0.11 17.00
201.65 17.94 0.81 0.11 17.05
204.88 15.99 0.52 0.11 17.10
206.56 17.58 0.42 0.12 17.12
Table 9: M easured C C 03 W + W   cross sections from a com bined t to alldata. The last
colum n showsthe SM expectationswhich are taken from the average ofthe predictionsfrom
YfsW W and RacoonW W .
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by theSM expectation scaled by a singledata/SM ratio gives:
data=SM = 1:002 0:011(stat:) 0:007(syst:) 0:005(theory);
wheretheSM expectationisthem eanofthecrosssectionspredictedbyYfsW W andRacoonW W .
5 M easurem ent ofthe W B ranching Fractions
A sim ultaneoustto thenum bersofW + W   candidateeventsin theten identied nalstates
(eeee,,,ee,ee,,qqee,qq,qq,and qqqq) observed
by OPAL ateach ofthe ten centre-of-m assenergiesbetween 161GeV and 207GeV givesthe
following valuesfortheleptonicbranching fractionsoftheW boson:
Br(W ! ee) = 10:71 0:25(stat:) 0:11(syst:)%
Br(W ! ) = 10:78 0:24(stat:) 0:10(syst:)%
Br(W ! ) = 11:14 0:31(stat:) 0:17(syst:)% :
Correlationsbetween thesystem atic uncertaintiesatthedierentenergy pointshavebeen ac-
counted forin thetashavecorrelationsin theselection eciencyuncertaintiesforthedierent
channels.Theseresultsareconsistentwith thehypothesisoflepton universality,and agreewell
with the SM prediction of10:83% [5]. The correlation coecient for the resulting values of
Br(W ! ee) and Br(W ! ) is +0:14. The correlation coecients for Br(W ! e e) and
Br(W ! ) with the m easurem ent ofBr(W ! ) are  0:30 and  0:23 respectively. A
sim ultaneoustassum ing lepton universality gives
Br(W ! qq) = 67:41 0:37(stat:) 0:23(syst:)% ;
which is consistent with the SM expectation of67:51% . Here,the largest single source of
system aticuncertainty isthatfrom thee+ e  ! qq background in theW + W   ! qqqq channel.
Assum ing the quark-lepton universality ofthe strength ofthe charged currentweak inter-
action,the hadronic branching fraction can be interpreted as a m easurem ent ofthe sum of
thesquaresofthesix elem entsoftheCKM m ixing m atrix,jVijj,which do notinvolve thetop
quark:
Br(W ! qq)












The theoreticaluncertainty ofthisim proved Born approxim ation due to m issing higherorder
correctionsisestim ated to be0.1% [5].Taking s(M W )to be0:119 0:002 [44],thebranching





= 1:993 0:033(stat:) 0:023(syst:);
which is consistent with the value of2 expected from unitarity in a three-generation CKM
m atrix. Ifone assum esunitarity and a three-generation CKM m atrix then thism easurem ent











W = 0:996 0:017(stat:) 0:011(syst:):
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can be interpreted as a m easurem ent ofjVcsjwhich is the least well
determ ined ofthesem atrix elem ents:
jVcsj = 0:969 0:017(stat:) 0:012(syst:):
Theuncertainty in thesum oftheotherveCKM m atrix elem ents,which isdom inated by the
uncertainty on jVcdj,contributesa negligibleuncertainty of0.003to thisdeterm ination ofjVcsj.
6 e+ e  ! W + W   D ierentialC ross Section
In qq‘ events itispossible to reconstructthe polarangle ofthe produced W   with respect
to the e  beam direction,cosW   ,where the charge ofthe lepton tags the W
 and the jet
m om enta and the rem aining event properties give the direction. Selected qqee and qq
eventsare used to m easure the dierentialcrosssection,d(
W W
)=d(cosW   ). Eventsselected
solely by the tracklessselectionsare notused here. Selected qq eventsare notconsidered
due to the largerbackground and less reliable determ ination oflepton charge resulting from
the possibility ofthe candidate tau being form ed from tracks from the fragm entation ofthe
quarks.
Them easured qqee and qq dierentialcrosssectionsarecorrected tocorrespond tothe
C C 03 setofdiagram sbutwith theadditionalconstraintthat,atgeneratorlevel,thecharged
lepton ism ore than 20 away from the e+ e  beam direction,20 < ‘ < 160
. Thisangular
requirem ent is closely m atched to the experim entalacceptance. It also greatly reduces the
dierencebetween thefullfour-ferm ioncrosssectionandtheC C 03 crosssectionbyreducingthe
contribution oft-channelsingle-W diagram in theqqee nalstate.AttheM C generatorlevel
theanglecosW   isdened in term softhefour-m om enta oftheferm ionsfrom theW
  decay
using the CALO5 photon recom bination schem e [26]. The quoted dierentialcross sections
correspond to d[(e+ e  ! W + W   ! qqee)+ (e
+ e  ! W + W   ! qq)]=dcosW   within
theabovegeneratorlevelacceptance.
Thedierentialcrosssection ism easured in ten binsofcosW   with thedata divided into
four
p
sranges:180:0  185:0GeV;185:0  194:0GeV;194:0  202:5GeV;and 202:5  209:0GeV.
Experim entally theanglecosW   can beobtained from them easured m om enta ofthetwo jets
with the lepton used to tag the charge ofthe W boson. However,to im prove the angular
resolution a kinem atictto thefourm om enta ofthetwo jetsand thelepton isem ployed [31].
Ifthe tconverges with a tprobability of> 0:1% [31]the tted jetm om enta are used. If
thekinem atic tyieldsa tprobability of< 0:1% ,which isthecaseforapproxim ately 4% of
qq‘ events,cosW   iscalculated from them easured jetfour-m om enta.From M C thecosW  
resolution isfound to beapproxim ately 0.05.
Thereconstructed cosW   distributionsarecorrected to thesignaldenition using theM C
background estim atesand a sim ple bin-by-bin eciency correction. Ithasbeen veried that
thissim plebin-by-bin correction m ethod isin good agreem entwith a m orecom pleteunfolding
using thereconstructed to generatorlevelm igration.
The system atic uncertainties on the selection eciencies and background cross sections
described above are propagated to the dierentialcross section m easurem ent. In addition it
isknown from studiesoflepton pairproduction atLEP1 thatthe OPAL M C underestim ates
the fraction ofevents where the lepton track is assigned the wrong charge [45]. This arises
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from im perfecttracking in theregion ofthejetcham beranodeplanes.Forthedata considered
here the M C predictsthat0:5% oftracksare assigned the wrong charge. Based on previous
studies[45]itisestim ated thatthecorresponding num berfordata is(1:0 0:5)% .In deriving
the eciency corrections,the M C reconstructed cos W   distributions are corrected for this
dierence and the fullsize ofthe correction is taken as the charge identication system atic
uncertainty.
Them easured dierentialcrosssectionsin the10 binsofcosW   forthefourenergy ranges
areshown inFigure5andtheresultsaregiven inTable10.Thedataarein goodagreem entwith
theSM expected generatorleveldistributionsobtained from eitherYfsW W orRacoonW W .
Although the dierentialcross sections forthese data have notbeen published previously,it
should benoted thata deviation from theSM would haveshown up in theOPAL triplegauge
coupling analysis[46]which usessim ilardistributions.
Dierentialcrosssection [pb]









 1:0!  0:8 0:44 0:22 0:02 0:60 0:14 0:03 0:62 0:15 0:04 0:46 0:12 0:04
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0:0! +0:2 2:29 0:45 0:01 1:95 0:21 0:01 1:95 0:22 0:01 1:96 0:21 0:01
+0:2! +0:4 2:40 0:46 0:01 2:20 0:23 0:01 1:85 0:22 0:01 2:31 0:23 0:01
+0:4! +0:6 2:88 0:51 0:02 2:71 0:26 0:01 2:41 0:25 0:01 2:91 0:26 0:02
+0:6! +0:8 3:87 0:60 0:02 3:64 0:31 0:02 4:19 0:34 0:03 4:59 0:33 0:03
+0:8! +1:0 4:77 0:69 0:03 5:83 0:40 0:04 6:98 0:47 0:04 7:23 0:44 0:05
Table 10:The m easured dierentialcrosssection,d[(e+ e  ! W + W   ! qqee)+ (e
+ e  !
W + W   ! qq)]=dcosW   expressed in ten binsofcosW   forthe fourcentre-of-m assen-
ergy ranges. The crosssectionscorrespond to the C C 03 setofdiagram swith the additional
requirem entthatthe charged lepton ism ore than 20 from the beam axis,20 < ‘ < 160
.
Foreach entry,therstuncertainty isstatisticaland thesecond system atic.
7 C onclusions
From a totaldata sam ple of701.1 pb 1 recorded with e+ e  centre-of-m assenergiesof
p
s =
161  209GeV with theOPAL detectoratLEP 11693W -paircandidateeventsareselected.The
com bined data sam ples is alm ost a factor three larger than the previous OPAL publication.
This large sam ple ofevents has enabled a signicant reduction in a num ber ofsystem atic
uncertaintiescom pared with ourpreviouspublications.
The data are used to testthe SM description ofW + W   production in the centre-of-m ass
range
p
s= 161  209GeV.TheW -pairproduction crosssectionsat10dierentcentre-of-m ass
energiesarefound to beconsistentwith theStandard M odelexpectation:
data=SM = 1:002 0:011(stat:) 0:007(syst:) 0:005(theory):
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Thedata arethen used to determ inetheW boson leptonicbranching fractions:
Br(W ! ee) = 10:71 0:25(stat:) 0:11(syst:)%
Br(W ! ) = 10:78 0:24(stat:) 0:10(syst:)%
Br(W ! ) = 11:14 0:31(stat:) 0:17(syst:)% :
These results are consistent with lepton universality ofthe charged current weak interaction
and with theresultsoftheotherLEP collaborations[47{49].Assum ing lepton universality,the
branching ratio to hadronsisdeterm ined to be 67:41 0:37(stat:) 0:23(syst:)% from which
the CKM m atrix elem ent jVcsjis determ ined to be 0:969 0:017(stat:) 0:012(syst:). The
dierentialcross section as a function ofthe W   production angle is m easured forthe qqe
and qq nalstatesand found to beconsistentwith theSM expectation.
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Figure 1: Distributions of(a) the totalvisible energy in the event scaled to the centre-of-
m assenergy,(b)them agnitudeofthenetvisibletransversem om entum in theeventscaled to
the beam energy,(c)the reconstructed totalvisible invariantm assofthe event,and (d)the
invariantm assofthe system recoiling againstthe visible system . Allplotsshow the selected
‘‘ eventsforthe com bined sam ple from data recorded at
p
s = 189  209GeV.In (d)the
events in the rstbin are where the reconstructed recoilm asssquared isnegative. The data
areshown asthepointswith errorbars(statisticalerrorsonly).ThetotalStandard M odelM C
prediction isshown by theunshaded histogram .The background com ponentsarealso shown:
interfering ‘‘ (singly-hatched),non-interfering ‘‘ (cross-hatched)and two ferm ion/m ulti-




















































Figure 2: Distributions ofm easured energies ofthe electrons,m uons and visible tau decay
productsforeventsselected asqqe,qq,and qq respectively.The com bined distribution
foralleventsselected asqq‘ isalso shown.Thedata areshown asthepointswith statistical
errorbars,while the histogram isthe totalM C expectation. The com bined background from
two-ferm ion and two-photon processes is shown by the cross-hatched region,while the non-





















































Figure3: Distributionsofthevariables(described in thetext)used in thelikelihood selection
ofW + W   ! qqqq events(a)-(d)and theresulting relativelikelihood distribution (e).Allplots
areshown forthecom bined sam plefrom datarecorded between
p
s= 183  209GeV.Thedata
areshown asthepointswith errorbars(statisticalerrorsonly).ThetotalStandard M odelM C
prediction isshown by theunshaded histogram .The background com ponentsarealso shown:
four-ferm ion background (singly-hatched) and two-ferm ion background (cross-hatched). The
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Figure 4: The m easured W W crosssectionsfrom tsassum ing SM W decay branching frac-
tions.The m easured crosssections(points)are com pared to the SM expectation (line)which
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Figure 5: The m easured W   polarangle dierentialcrosssection forqqe and qq events
within the acceptance dened in the text. The m easurem ents are shown forthe fourenergy
binsdescribed in thetext.Them easured crosssections(points)arecom pared tothetheoretical
expectations(histogram s)from YfsW W and RacoonW W (indistinguishable on thisscale).
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